The body architectures of most multicellular organisms consistently display both symmetry and asymmetry. Here, we discuss some of the available knowledge and open questions on how symmetry and asymmetry appear in several conspicuous plant cells and tissues. We focus, where possible, on the role of genes that participate in the maintenance or the breaking of symmetry and that are directly or indirectly related to the cell cycle, under an organ-centric point of view and with an emphasis on the leaf.
Introduction
Most living beings exhibit some form of symmetry; examples are all bilaterian animals and many plant leaves, which show bilateral or mirror symmetry, and adult echinoderms and many flowers, which show radial or rotational symmetry. In Biology, however, symmetry is usually imperfect from a geometric perspective, and in not a few cases has been dramatically broken by evolution at the cell, tissue, organ, or whole-body levels. Prototypical examples of both symmetry and symmetry breaking in animal development are provided by vertebrates, whose bodies exhibit a bilaterally symmetrical exterior whereas their internal architecture includes asymmetrically positioned heart and visceral organs (Vandenberg and Levin, 2013) , the latter phenomenon being termed developmental chirality, left-right asymmetry, or laterality. The consistent symmetries and asymmetries found in many body plans raise fundamental biological questions on their underlying molecular mechanisms; these questions include the extent of their evolutionary conservation across kingdoms and their causal relationship, if any, with the known symmetries and asymmetries that cells display in shape, movement, outgrowth, and internal distribution of organelles and molecules.
Two of the above-mentioned questions have been addressed in a recent study focused on the functional importance of tubulins in symmetry breaking in distinct and phylogenetically distant biological systems (Lobikin et al., 2012) . Tubulins are the proteins that make up and/or contribute to the arrangement of microtubules, one of the most important components of the cytoskeleton. Left-handed helical growth is caused by the lefty1 and lefty2 dominant-negative alleles of the Arabidopsis genes encoding α-tubulin and Tubgcp2 (a γ-tubulin-associated protein), respectively (Hashimoto, 2002; Thitamadee et al., 2002; Abe et al., 2004) . When the same mutations were induced in the Caenorhabditis elegans, Xenopus, and human orthologues of the above-mentioned genes, these mutations altered very early steps of left-right patterning in nematode and frog embryos, as well as the chirality of cultured human neutrophils (Lobikin et al., 2012) , indicating that the origin of laterality is cytoplasmic, ancient, and highly conserved across widely divergent phyla. and subcellular protein distributions, which together contribute to cell polarity (Nelson, 2003) . Asymmetry is also evident in the so-called asymmetric or formative divisions, in which an initial cell divides into two daughter cells that acquire unequal fates (Gunning et al., 1978; Weimer et al., 2012; Smolarkiewicz and Dhonukshe, 2013) . Two sister cells can acquire divergent fates as a result of extrinsic factors, such as interactions with neighbouring cells and environmental signals, or of intrinsic cell factors that are inherited unequally. The latter type of asymmetric cell divisions require that organelles and other intracellular components are organized in an asymmetric manner in the mother cell (Horvitz and Herskowitz, 1992; Petricka et al., 2009) . The molecular mechanisms that control the asymmetry of cell divisions have been hypothesized to be tightly coupled to cell cycle timing and progression (Zhong, 2008) , as asymmetric divisions often depend on cell cycle regulators and are essential for normal plant development and reproduction (De Smet and Beeckman, 2011) .
The development of multicellular plants and animals initiates with multiple asymmetric divisions of an initial cell, the zygote, and the subsequent specification and differentiation of distinct cell types in the embryo (Scheres and Benfey, 1999) . While cell migration plays an essential role in animal embryos, the rigid walls of plant cells make cell migration impossible. For this reason, the generation of plant tissues and organs relies on the control of the asymmetry and orientation of cell divisions, cell differentiation, and cell expansion (Abrash and Bergmann, 2009; Petricka et al., 2009) .
Asymmetric divisions in the zygote and early embryo
In higher plants, the first division of the zygote is asymmetric (Fig. 1A) , giving rise to an apical cell, which will form most of the embryo proper, and a basal cell, which will give rise to the hypophysis and the suspensor, the structure that connects the embryo with the maternal tissues (Jürgens, 2001) . The correct orientation and asymmetry of the first zygotic division is controlled in Arabidopsis by the GNOM (GN) gene, which encodes an ADP ribosylation factor-GDP/GTP exchange factor (ARF-GEF) that regulates the formation of vesicles in membrane trafficking. The GNOM protein is specifically involved in the endosomal recycling of the auxinefflux carrier PIN-FORMED1 (PIN1) (Richter et al., 2010) . In gn mutants, the first division of the zygote is symmetric and the subsequent divisions are also altered (Mayer et al., 1993) . In Arabidopsis, the YODA (YDA) gene encodes a mitogen-activated protein kinase kinase kinase (MAPKKK). In loss-of-function yda mutants, the zygote also divides symmetrically, and some derivatives of the basal cell become part of the embryo, instead of the suspensor. Conversely, gain of YDA function causes excessive proliferation of the suspensor . Therefore, GN and YDA are essential in breaking zygote symmetry in Arabidopsis. Additional asymmetric cell divisions are important for the establishment of the basic body plan at early stages of embryo development, including the divisions that initiate the formation of epidermal, ground, and vascular tissues (Jürgens, 1995) .
Asymmetric divisions in root and shoot development
Establishment of the primary root apical meristem requires the asymmetric division of the hypophysis, the uppermost cell of the suspensor (De Smet et al., 2010) , and the formation of lateral roots starts with several asymmetric divisions of pericycle cells (De Smet et al., 2008) . The importance of asymmetric divisions in the Arabidopsis root is also illustrated Fig. 1 . Two models for the establishment of developmental asymmetry through cell division in plants. The asymmetric architecture of an organ or whole body can be achieved either (A) by one or few very early asymmetric cell divisions (i.e. as in the embryo or the stomatal lineages) or (B) later on by an asymmetrically distributed division property (i.e. division plane orientation in leaf primordia). Drawings are not to scale.
by the cell divisions that lead to the formation of cortical and endodermal cell files, the two lineages that constitute the root ground tissue. In the root meristem, the cortex/endodermal initial cell (CEI) experiences a transverse asymmetric division that gives rise to one stem cell and a cortex/endodermal initial cell daughter (CEID). The CEID subsequently divides asymmetrically in the longitudinal plane to produce two different cell types, the endodermal and cortical cells (Dolan et al., 1993; Walker et al., 2007) .
Mutations in the SHORT-ROOT (SHR) and SCARECROW (SCR) genes, which encode transcription factors, disrupt the CEID longitudinal asymmetric division, resulting in a single layer of ground tissue. SHR seems to be required for the specification of endodermal cells, because the cells derived from the CEID only exhibit cortical properties in shr mutants (Benfey et al., 1993) . However, in scr mutants, the cells derived from the abnormal CEID exhibit traits from both cell types, suggesting that SCR controls the asymmetric division of the CEID rather than the specification of endodermal or cortical identity (Di Laurenzio et al., 1996) . SHR and SCR regulate the spatiotemporal activation of components of the cell cycle network during the asymmetric divisions that initiate the cortical and endodermal root lineages. At the time of CEID periclinal division, SHR and SCR are bound to the promoter of a D-type cyclin, CYCD6;1, indicating that this cyclin is a direct target of these genes. In addition, CEID periclinal divisions are diminished in cycd6;1 mutants, suggesting that the activation of CYCD6;1 through the SHR/SCR network is required for the asymmetric divisions giving rise to the cortical and endodermal root lineages (Sozzani et al., 2010) .
Other cell cycle genes are regulated by SHR and SCR during lateral root formation. Two cyclin-dependent kinases, CDKB2;1 and CDKB2;2, are expressed in CEI cells (De Smet et al., 2008) . Ectopic expression of the CDKB2;1 and CDKB2;2 genes in ground tissue causes an increase in endodermal cell divisions, and partially rescues the division defects of shr mutants, suggesting that these kinases act downstream of SHR and SCR in the regulation of asymmetric divisions during lateral root formation (Sozzani et al., 2010) .
A recent study of fewer roots (fwr), a novel recessive allele of the above-mentioned GN gene, strongly suggests that GN is required for the establishment of the auxin response maximum for lateral root initiation, probably through the regulation of local and global auxin distribution in the root (Okumura et al., 2013) . Additional observations suggest a link between auxin, lateral root initiation, and the cell cycle. A CDK inhibitor, KIP-RELATED PROTEIN2 (KRP2), which is expressed specifically in the asymmetrically divided pericycle cells, seems to regulate the G 1 to S transition in an auxin-dependent manner. In the absence of an auxin signal, KRP2 prevents the cell cycle induction of pericycle cells. Conversely, when auxin is present, the down-regulation of KRP2 makes the G 1 to S transition of these cells possible (Himanen et al., 2002) .
A common mechanism that controls formative divisions in the root and shoot of Arabidopsis relies on the activity of CDKA;1, a homologue of the human A-type cyclin-dependent kinase Cdk1. High CDKA;1 levels are required for asymmetric cell divisions in root and shoot tissues . RETINOBLASTOMA RELATED1 (RBR1) is an essential target of CDKA;1. Phosphorylation of RBR1 by CDKA;1 inhibits RBR1 and regulates the entry into S phase, allowing asymmetric cell divisions. Two B-type cyclin-dependent kinases, CDKB1;1 and CDKB1;2, seem to be functionally redundant with CDKA;1 Pusch et al., 2012) .
Asymmetric divisions in stomatal patterning
Stomatal patterning, both in monocotyledonous and in dicotyledonous plants, initiates with the asymmetric division of an epidermal cell ( Fig. 1A) (Larkin et al., 1997; Facette and Smith, 2012) . In maize, this symmetry breaking gives rise to the so-called guard mother cell (GMC), which divides symmetrically to produce a pair of guard cells and induces the division of contiguous cells to form the subsidiary cells (Sack and Chen, 2009) . In Arabidopsis, a protodermal cell divides asymmetrically to yield the meristemoid mother cell (MMC). The MMC divides asymmetrically, giving rise to a larger spacer pavement cell and a smaller meristemoid cell, which in turn can experience additional asymmetric spacing divisions or become a GMC. Like in maize, the subsequent symmetric division of the GMC produces a guard cell pair (Barton, 2007; Bergmann and Sack, 2007) .
In Arabidopsis, the plant-specific protein BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) regulates asymmetric divisions and accumulates at the cell periphery before the MMC divides asymmetrically. basl lossof-function alleles cause a loss of asymmetry in these divisions, so that the two daughter cells frequently express meristemoid fate markers (Dong et al., 2009) . Other mutations that alter the asymmetric divisions characteristic of wild-type stomatal development include too many mouths (tmm), speechless (spch), and yda. TMM encodes a transmembrane leucine repeat-containing receptor-like protein. tmm mutants exhibit an increased number of leaf stomata, many of which form clusters of adjacent guard cells, which suggests a defect in the oriented asymmetric divisions that lead to the spacing of stomata in the leaves (Geisler et al., 2000; Bergmann and Sack, 2007) . SPCH encodes a basic helix-loop-helix (bHLH) transcription factor. In spch mutants, the protodermal cell divides symmetrically. The MUTE gene also encodes a bHLH protein that acts downstream of SPCH, and mute alleles promote asymmetric divisions in the MMC stage, forming excessive pavement cells. As a consequence, differentiation to GMC does not occur, and mute mutants fail to generate guard cells (MacAlister et al., 2007; Pillitteri et al., 2007) . YDA represses stomatal initiation in response to spacing regulators. In yda mutants, the asymmetry of the spacing divisions of meristemoids is altered, giving rise to clusters of adjacent stomata (Bergmann et al., 2004) .
The sequence of asymmetric divisions that leads to the spacing of stomata and the surrounding pavement cells is related to cell cycle progression. The expression of the CDK inhibitor KIP-RELATED PROTEIN1 (KRP1) under the control of the TMM promoter produces a reduction in asymmetric divisions, resulting in enlarged pavement cells (Weinl et al., 2005) . The final stage of stomatal development is also related to changes in the timing of the cell cycle. When the GMC divides symmetrically to form a pair of guard cells, the cell cycle in these daughter cells is arrested in the G 1 stage or they exit the cell cycle (G 0 ) (Bergmann and Sack, 2007) . The FOUR LIPS (FLP), MYB88, and FAMA transcription factors are responsible for the end of cell cycling during later steps of stomatal lineage differentiation. FLP is expressed before GMC mitosis, and flp mutants produce clusters of guard cells because GMC cell cycling continues, instead of guard cell differentiation (Lai et al., 2005) .
Several cell cycle regulators have been related to stomatal development. CDKB1;1 promotes stomatal production by positively regulating mitosis in GMCs (Boudolf et al., 2004a, b) . The cyclin-dependent protein kinase CDT1 and CELL DIVISION CONTROL 6 (CDC6) are expressed in stomatal precursor cells and decide which cells will replicate their DNA. Overexpression of these genes increases the number of stomata in Arabidopsis leaves (Castellano et al., 2004) . The Arabidopsis D-type cyclin CYCD4 controls cell division in the stomatal lineage of the hypocotyl epidermis, and its overexpression increases the generation of stomata (Kono et al., 2007) . Another cell cycle regulator, the RBR1 protein, appears to be involved in asymmetric divisions of the stomatal lineage. RBR1 inhibits the activity of E2F-DP, a heterodimeric transcription factor that activates CDKB1;1. Inactivation of RBR1 or overexpression of E2F-DP leads to an increased number of asymmetric divisions in the stomatal lineage (Desvoyes et al., 2006) . Furthermore, virus-induced silencing of RBR1 generates stomatal clusters similar to those of tmm mutants, suggesting that TMM regulates asymmetric cell divisions through the RBR1/E2F-DP pathway (Park et al., 2005) .
Asymmetric divisions in pollen development
In male gametophyte development, microspores undergo an asymmetric division that is called pollen mitosis I (PMI), which generates a small generative cell (GC) and a large vegetative cell (VC). The GC divides symmetrically and gives rise to two sperm cells, whereas the VC yields the pollen tube (Mccormick, 1993) . Both the gemini pollen (gem) and sidecar pollen (scp) mutations alter the asymmetric division that gives rise to GC and VC (PMI), but with different consequences. In the gem mutants, both daughter cells express typical VC markers (Twell et al., 1998) . SCP encodes a LATERAL ORGAN BOUNDARIES DOMAIN/ASYMMETRIC LEAVES 2-like (LBD/ASL) protein (Oh et al., 2010 (Oh et al., , 2011 , whose mutations cause the division of the microspore to be symmetric. As a result, one daughter cell becomes a VC and the other experiences a normal asymmetric division, generating pollen grains with two VCs and one GC (Chen and McCormick, 1996) . In addition, scp mutants show delayed entry into mitosis .
The regulation of cell cycle progression is crucial for male gametogenesis in Arabidopsis. It has been demonstrated that CDKA;1 also participates in the generation of the GC, and is repressed by the cell cycle inhibitors KRP6 and KRP7 in the VC (Iwakawa et al., 2006) . The degradation of KRP6 and KRP7 via SKP1-cullin 1-FBL17 (SCF FBL17 ) releases CDKA;1 in the GC and allows cell cycle progression (Kim et al., 2008) . Moreover, the R2R3 MYB transcription factor DUO POLLEN 1 activates CYCB1;1, the regulatory subunit of CDKA;1 ).
Conserved and non-conserved ways of breaking symmetry
A regulatory module that appears to play an important and highly conserved role in asymmetric cell divisions along several eukaryotic model organisms involves the cell division control 42 (Cdc42) protein (Li and Bowerman, 2010) . Cdc42 is a GTPase that belongs to the Rho GTPase family, which was first discovered in Saccharomyces cerevisiae (Adams et al., 1990) . This protein is called Cdc42 or Rac in metazoans and fungi, and RHO-RELATED PROTEIN FROM PLANTS (ROP) in plants (Johnson et al., 2011) . Rho GTPases regulate processes such as gene expression, cell polarity, and the cell cycle (Jaffe and Hall, 2005) .
Several symmetry-breaking processes are regulated by ROP GTPases in plants (Yang and Lavagi, 2012) . In Arabidopsis, all Rho-related GTPases belong to the ROP subfamily, and six of the 11 Arabidopsis ROPs participate in cell polarity (Yang, 2008) . ROP1 participates in the growth of pollen tube tips. ROP1 generates an apical cap in the plasma membrane that is regulated by two feedback mechanisms: a positive feedback that allows the lateral spreading of active ROP1, and a negative feedback that restricts the presence of active ROP1 to the apical cap (Hwang et al., 2010) . This apical ROP cap has also been found at the tip of root hairs, suggesting that the mechanism of ROP-mediated polarization is shared by pollen tubes and root hairs (Molendijk et al., 2001) . Plant ROP proteins are also involved in the generation of the characteristic shape of pavement epidermal cells through the regulation of the cytoskeleton (Qian et al., 2009) . It seems that polarized domains in the plasma membrane of pavement cells have a ROP-based regulation. The activation of a ROP2 effector, ROP-INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 4 (RIC4), promotes the accumulation of F-actin in the lobes, whereas ROP6 is activated in the indentations, and activates RIC1 to promote microtubule organization. ROP2 inhibits the ROP6-MT pathway, whereas microtubules inhibit ROP2 activation. Thus, these two pathways are mutually exclusive, leading to the formation of the characteristic puzzle-shaped pavement cells (Fu et al., 2005 (Fu et al., , 2009 . Another example of ROPbased regulation is related to the above-mentioned BASL gene. Overexpression of BASL in petiole and hypocotyl epidermal cells generates cellular outgrowths. There is evidence that the generation of these outgrowths requires the action of ROP GTPases (Dong et al., 2009; Facette and Smith, 2012) .
Other symmetry-breaking mechanisms are not conserved in higher plants. Septins are a family of GTPases that form higher order structures adequate for the control and maintenance of cell asymmetry (Spiliotis and Gladfelter, 2012) , and have long been known to play roles in animal and fungal cytokinesis. Four septin genes (CDC3, CDC10, CDC11, and CDC12) were identified in yeast in the screen for cell division mutants performed by Lee Hartwell >40 years ago (Hartwell, 1971) . Septin genes seem to have been lost in the Plantae lineage, exceptions being some algae: septin homologues have only been found in diatoms and green algae, but not in glaucophytes, red algae, and land plants (Yamazaki et al., 2013) 
Another interesting question is to what extent different symmetry-breaking mechanisms are conserved across the different plant tissues. Some genes are known to control different asymmetric cell divisions in different tissues. For instance, YDA is required for asymmetric divisions in both the zygote and stomatal lineages. In the first case, it enforces the asymmetry of the first zygote division, whereas, in the stomata, it promotes the meristemoid asymmetric division that leads to the spacing of stomata. Another example is GN, which is required for the first asymmetric division of the zygote, and also for the asymmetric divisions of pericycle cells during lateral root formation. Some cell cycle regulators are necessary for asymmetric divisions, including CDKA;1, which is required for root and shoot formative divisions, and also for the asymmetric division that forms a GC during pollen development.
Organ symmetry and the cell cycle in plants
In the following sections, we evaluate how changes in the cell cycle can affect the shape and symmetry of plant organs. Altering cell cycle progression in plants might be expected to alter whole-organ morphology, but the relationship between symmetry and the cell cycle does not seem straightforward. Evidence shows that organ shape can be modified by altering the cell proliferation rate or the timing of transition from proliferation to differentiation, but not as much when division plane orientation is impaired. The functions of several genes that link the cell cycle to the acquisition of shape and symmetry in plant organs are discussed.
Leaf bilateral symmetry
Numerous components of the molecular machinery that controls the cell cycle in plant leaves have homologues among animals and fungi. However, the coordination of cell proliferation required to achieve leaf patterning must be controlled by a unique gene regulatory network, since leaves are organs with no counterparts outside the plant kingdom (Townsley and Sinha, 2012) . Leaves are determinate organs that develop in a coordinated pattern from leaf primordia in the flank of the shoot apical meristem (SAM). Cells within a primordium continue to divide for a limited period of time, with no fixed patterns of cell division. Cells cease to divide according to a stochastic gradient of termination of cell division, and cell expansion accounts for the final enlargement of the leaf (Donnelly et al., 1999) . Chitwood et al. (2012) have recently reported a slight, but reproducible deviation from bilateral symmetry in the leaves of tomato and Arabidopsis, which the authors attribute to differences between the right and left sides of the primordium at the time of leaf initiation. These differences correlate with the direction of the phyllotactic pattern, emphasizing the impact of an asymmetric distribution of auxin in the meristem on the growth patterns of plant leaves.
Mutations in several genes are known to alter dramatically the bilateral symmetry of Arabidopsis leaves (Fig. 2) . In wildtype plants, the activity of the class I knotted1-like homeobox (knox1) genes KNOTTED-LIKE FROM ARABIDOPSIS 2 (KNAT2), BREVIPEDICELLUS (BP/KNAT1), and KNAT6 is confined to the SAM, where they promote cell division and prevent differentiation (Chuck et al., 1996; Belles-Boix et al., 2006) . Genes such as ASYMMETRIC LEAVES 1 (AS1) and AS2 normally repress the expression of knox1 genes in the leaves (Byrne et al., 2002) . AS1 and AS2 encode nuclear proteins with a MYB domain (Byrne et al., 2000; Sun et al., 2002) and a plant-specific AS2/LOB domain (Iwakawa et al., 2002; Shuai et al., 2002) , respectively. Both proteins have been reported to form a complex that binds to the BP promoter (Xu et al., 2003; Yang et al., 2008) , limiting cell proliferation at the leaf base. Failure to limit this cell proliferation in as1 and as2 mutants causes the formation of asymmetric lobes in the leaf lamina. In addition to their role in the meristems, knox1 genes are also important for cell proliferation during the development of compound leaves in Arabidopsis suecica and Arabidopsis halleri, as shown by the suppression of leaf dissection caused by an artificial microRNA targeting the homologues of the knox1 gene SHOOT MERISTEMLESS in these species (Piazza et al., 2010) .
The BLADE-ON-PETIOLE 1 (BOP1) and BOP2 genes promote lateral organ fate and polarity, and are necessary to maintain a balance between both sides of the leaf. They encode BTB/POZ domain-and ankyrin repeat-containing proteins, suggesting that they play a role in protein-protein interactions (Norberg et al., 2005) . BOP1 and BOP2 control leaf morphogenesis through regulation of the knox1, YABBY3 (YAB3), and FILAMENTOUS FLOWER (FIL) genes (Ha et al., 2007 (Ha et al., , 2010 . Indeed, the petiole of bop1 bop2 double mutants shows ectopic lamina tissue that can be progressively suppressed by eliminating several knox1 genes, YAB3, and FIL. This suppression is uneven along the petiole, resulting in asymmetric development. The extent of suppression is dosage dependent, revealing that wild-type symmetry is achieved by tuning the amount of several gene products, some of which regulate cell proliferation activity. BOP1 and BOP2 also repress JAGGED (see below), therefore widening the role of these proteins to timing the shift from cell proliferation to differentiation (Norberg et al., 2005) .
The CLAVATA 1 (CLV1)-related BARELY ANY MERISTEM 1 (BAM1), BAM2, and BAM3 genes encode receptor-like kinases that are required for several developmental processes, including the control of leaf symmetry. These genes regulate the pool of SAM stem cells, in a way opposite to that of CLV1. In the bam mutants, growth is unequal at the basal region of the lamina, rendering an asymmetric leaf. Since expression of the BAM genes is not restricted to the SAM, the bam mutants exhibit a pleiotropic phenotype (DeYoung et al., 2006) .
After the establishment of a leaf primordium, proliferation continues until cells differentiate, producing an organ with a high degree of bilateral symmetry. Mutations that alter the correct progression of these events result in loss of symmetry. Such is the case for the Arabidopsis jagged loss-of-function mutants. JAGGED encodes a protein with a single C2H2 zinc-finger domain that prevents premature differentiation of tissues in a position-dependent manner in lateral organs (Dinneny et al., 2004) . Symmetry is also lost in the tornado (trn) mutants, which present narrow and asymmetric leaf laminae because of a severe reduction of cell number caused by an imbalance between cell proliferation and cell differentiation. TRN1 and TRN2 are expressed in the SAM and young leaf primordia and encode proteins involved in signalling (Cnops et al., 2006) . TRN1 encodes a protein of unknown function with high similarity to nucleotide-binding oligomerization domain-leucine-rich repeat (NOD-LRR) proteins and is predicted to be cytoplasmic. TRN1 is a homologue of DAPK1 (DEATH-ASSOCIATED PROTEIN KINASE1) . However, the kinase domain is not present, as occurs in the genes required for cellular communication CLAVATA2 and TOO MANY MOUTHS (Nadeau and Sack, 2003) . TRN2 belongs to the tetraspanin family, a group of proteins that participate in diverse communication processes, such as cell proliferation, differentiation, and virus and toxin recognition (Hemler, 2003) . Genetic analyses revealed that both genes act in the same pathway (Cnops et al., 2006) .
Temperature-sensitive mutant alleles of the STRUBBELIG (SUB) gene develop asymmetric leaves when grown at 30 °C (Lin et al., 2012) . SUB encodes a receptor-like kinase that is required in some tissues for the orientation of the mitotic division plane (Chevalier et al., 2005) . Expression pattern analyses and temperature shift experiments suggest that SUB probably mediates a developmental stage-specific signal for early leaf patterning (Lin et al., 2012) .
Leaf asymmetry along the proximal-distal axis
Leaf primordia exhibit polarity along three axes: proximaldistal (base-apex), dorsal-ventral (adaxial-abaxial), and medial-lateral (midvein-margin). How asymmetry is generated along the proximal-distal axis is poorly understood, partly because the leaf, unlike the embryo, does not derive from a single cell. Leaf proximal-distal axis establishment seems to occur at the leaf initiation stage, as leaf primordia first grow in the proximal-distal direction. This complicates the identification of the genes responsible for the generation of the proximal-distal axis, since their loss of function is likely to prevent the normal emergence of the organ (Hudson, 2000) .
After leaf initiation, a proliferative zone in the primordium produces the cells that will develop into the petiole and the lamina (Ichihashi et al., 2011) . This meristem-like region harbours asymmetric cell divisions in the anticlinal plane perpendicular to the proximal-distal axis. The daughter cells originated from these divisions that fall on the petiole side will undergo more divisions in the same anticlinal plane, whereas the daughter cells that are in the blade side will divide in all anticlinal planes (Fig. 1B) .
Several developmental processes do not occur evenly across the lamina, revealing that functional asymmetry exists, which can contribute to explain its proximal-distal morphological asymmetry. One such process is the transition from cell proliferation to cell expansion. This is coupled with the entry into the endoreduplication cycle and occurs basipetally. Donnelly et al. (1999) used a cyc1At pro :GUS reporter construct to monitor cell division at different time points, and found that cell division arrests first at the apex and later at the base of the lamina. The shift from cell proliferation to cell growth might be triggered by the exposure of cells of the leaf primordia to light, which occurs progressively from the tip to the base (Andriankaja et al., 2012) . These authors found that genes involved in the retrograde (from chloroplast to nucleus) signalling were differentially expressed during this transition, and also that proliferating primordia treated with norflurazon, a chemical inhibitor of retrograde signalling, have inhibited onset of cell expansion.
Another process that is differentially distributed is endoreduplication, a cell cycle variant in which DNA replicates repeatedly but cytokinesis does not occur, resulting in polyploid cells. Since mitotic cell division and endoreduplication are not simultaneous processes along the leaf, the distribution of cycling and endoreduplicating cells is not homogeneous. In fact, the transition from cell division to endoreduplication proceeds basipetally (Donnelly et al., 1999) , making the leaf an asymmetric organ in terms of cell cycle progression along the proximal-distal axis.
Supracellular control of cell division
An impaired division plane orientation during the proliferative phase of leaf development may result in the accumulation of many incorrectly oriented divisions over time and therefore break bilateral symmetry. This assumption comes from the general belief that a strict control of division plane alignment is a prerequisite for ordered spatial development in plants. However, several cases are known of mutants with altered planes of cell division throughout the plant, yet their organ morphology remains unaffected. An example is provided by the tangled1 (tan1) mutation, which alters cell division orientations throughout maize leaf development without altering leaf shape or bilateral symmetry, suggesting that the generation of shape is controlled at a supracellular level, independently from the initial orientation of the new cell walls (Smith et al., 1996) . The maize Tan1 gene encodes a highly basic protein that directly binds to microtubule-containing cytoskeletal structures that are misoriented in dividing tan1 mutant cells, which suggests that the TAN1 protein participates in the orientation of these cytoskeletal structures (Smith et al., 2001) . A cortical ring of microtubules and F-actin-the pre-prophase band (PPB)-is formed in most plant cells during S or G 2 phase, at the future division plane, and persists throughout prophase (Mineyuki, 1999) . AtTAN, the Arabidopsis orthologue of maize TAN1, co-localizes with the PPB and persists at the cell division site after PPB disassembly. Hence, AtTAN preserves the memory of the PPB throughout mitosis and cytokinesis (Walker et al., 2007) .
In addition, mutants in which the cell division plane is severely disrupted can still generate basic elements of plant anatomy (Traas et al., 1995) . Such is the case for the Arabidopsis fass (fs) and tonneau (ton) mutants. The TON2/FS gene encodes the B′′ subunit of protein phosphatase 2A, which is essential for the control of cortical cytoskeleton organization and regulates microtubule nucleation (Camilleri et al., 2002; Kirik et al., 2012) . Despite the cells of these mutants being unable to form the PPB, all cell types are present in their correct relative positions. Similarly, modulation of the expression of several cyclins was found to alter the plant growth rate, but with little or no impact on plant shape (Doerner et al., 1996; Cockcroft et al., 2000) .All these data support the hypothesis that at least some aspects of plant morphogenesis can occur in a cell division-independent manner.
An interesting hypothesis is that shape acquisition, and therefore symmetry, is governed by gradients of cell division rate. Using Arabidopsis leaf primordia, Wyrzykowska et al. (2002) locally and transiently manipulated the cell division rate, and observed the outcome on leaf morphogenesis. Induction of cyclin genes increased the number of cells at the site of induction, although lamina expansion was reduced, resulting in an asymmetric lamina. Conversely, treatment with the cell cycle inhibitor roscovitine resulted in a local increase in lamina growth, again perturbing bilateral symmetry. These observations suggest that cells respond to gradients of cell cycle regulators, transducing them into gradients of cell division rate, and this response ultimately shapes the organ.
However, cell division-dependent mechanisms fail to explain completely the acquisition of shape, as regulators of cell expansion are also known to contribute to leaf morphogenesis. As an example, expansins are cell wall-loosening proteins necessary for cell growth (McQueen-Mason et al., 1992; Cosgrove, 2000) . Pien et al. (2001) successfully eliminated the bilateral symmetry of tobacco leaves by locally and transiently overexpressing the cucumber CsEx29 expansin. Auxin and cytokinin were shown to enhance synergistically the accumulation of the cytokinin-inducible soybean mRNA (Cim1) expansin in soybean cell cultures, suggesting that these hormones participate in the coordination of organ growth at the supracellular (or organ) level (Downes et al., 2001) .
Asymmetry in zygomorphic flowers
Symmetry is an inherent trait of several organs of flowering plants, such as leaves, roots, shoots, flowers, and fruits. Floral symmetry has attracted the attention of many researchers because of its biological significance in pollination processes. In fact, flowers have traditionally been classified into different categories depending on their symmetry. Polysymmetric or actinomorphic flowers have radial symmetry, and they are frequently designated as 'symmetric flowers'. Monosymmetric or zygomorphic flowers have bilateral or dorsoventral symmetry, with a single symmetry plane, and are sometimes referred to as 'asymmetric flowers' (Endress, 2001; Almeida and Galego, 2005) . Zygomorphy is thought to have evolved many times independently in flowering plants as an adaptation to pollinators (Cubas et al., 2001; Feng et al., 2006) .
In Antirrhinum majus, flower asymmetry depends on the function of two closely related TCP-box genes, CYCLOIDEA (CYC) and DICHOTOMA, which activate the MYB transcription factor RADIALIS in dorsal areas of the floral meristem (Luo et al., 1996 (Luo et al., , 1999 Almeida et al., 1997; Corley et al., 2005) . Floral meristems produce five stamen primordia in Antirrhinum, and the CYC gene suppresses the development of dorsal staminodes. Cell cycle-related genes, such as CYCD3B, CYCB1;1, CYCB2, CDC2C, and CDC2D, are expressed at very low levels at early stages of staminode formation, reflecting reduced growth and cell division (Luo et al., 1996; Gaudin et al., 2000; Preston and Hileman, 2009 ).
Root and shoot radial symmetry
Maintenance of root and shoot radial symmetry is achieved in part by tightly controlling the orientation, frequency, and timing of cell division in their apical meristems. MGOUN3/BRUSHY1/TONSOKU (MGO3/BRU1/TSK) is one of the genes required to maintain such a radial pattern (Guyomarc'h et al., 2004) , as revealed by the effects of its mutant alleles, which strongly perturb meristematic cell division planes, which in turn cause fasciated shoots and split root tips (Suzuki et al., 2004) . The MGO3/BRU1/TSK gene encodes a nuclear leucine-glycine-asparagine (LGN) domain protein (Vandenberg and Levin, 2013) .
LGN repeats are present in animal proteins involved in asymmetric cell division (Suzuki et al., 2004) . Expression of MGO3/BRU1/TSK is cell cycle dependent and its mutant alleles cause a delayed G 2 to M transition (Suzuki et al., 2005) . These results suggest that MGO3/BRU1/ TSK plays an important role in some aspects of cell cycle progression and cell division orientation, and that these processes are involved in keeping the radial symmetry of roots and shoots.
In the fasciata1 (fas1) and fas2 mutants, the SAM is radially asymmetric, and the shoot becomes fasciated. Expression of FAS1 and FAS2 is high in actively dividing cells (Exner et al., 2006) and the perturbation of shoot radial symmetry seems to be caused by altered cell division patterns in the SAM, which in turn cause irregular SAM cell arrangement (Leyser and Furner, 1992; Kaya et al., 2001) . FAS1 and FAS2 are subunits of the Arabidopsis counterpart of the human chromatin assembly factor-1 (CAF-1), a heterotrimeric complex that participates in several aspects of cell division, such as nucleosome assembly on newly replicated DNA to reconstitute S-phase chromatin (Smith and Stillman, 1989) and homologous chromosome recombination (Kirik et al., 2006) . Loss of FAS1 function results in reduced type-A CDK activity, inhibits mitotic progression, and promotes a precocious and systemic switch to the endocycle (Ramirez-Parra and Gutierrez, 2007) , observations that shed light on the mechanism by which FAS genes contribute to proper cytokinesis in the SAM.
The Arabidopsis TEBICHI (TEB) gene is necessary for controlling cell division and differentiation in meristems. The TEB protein is homologous to Drosophila MUS308 and mammalian DNA polymerase θ (POLQ), which restrict DNA double-strand breaks in response to DNA damage. DNA damage responses are constitutively activated in teb mutants, which also show fasciated stems. The meristems of teb mutants show abnormal patterns of cell division and differentiation, as well as an accumulation of cells expressing cyclinB1;1:GUS. This accumulation suggests a defect in the G 2 to M transition triggered by DNA damage and also occurs in other fasciated mutants such as fas2 and mgo3/bru1/tsk (Inagaki et al., 2006) .
Breaking symmetries and asymmetries: final remarks
The structural diversity and complexity of living beings, including plants, is the outcome of a complex sequence of developmental events. Complex structures require cell fate decisions that often occur as a consequence of asymmetric cell divisions. Mutants that break such asymmetries, sometimes reverting them to a symmetric condition, have allowed researchers to identify critical steps in the development of plant embryos. Plants have taken advantage of these asymmetries not only to deliver different fates to different cell lineages, but also to generate complex, often beautiful, developmental patterns, as in the spacing of the stomatal complexes of plant leaves.
The beauty and elegance of developmental symmetries is also apparent at the macroscopic, organ, and organism levels. Mutants that break such symmetries have identified cell cycle regulators, highlighting that such symmetries often emerge from the concurrent behaviour of individual cells. How individual cells proliferate and expand in a coordinated manner to produce highly symmetric organs, such as the leaves, with reproducible size and shape, remains one of the most intriguing open questions in Plant Biology.
